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PREr’ACI 

This final report of efforts for the UAH-MSFCINASA Cooperative Agreement 

Modification No. 1 (Thermal Engineering Research) presents the results of the 

following projects for the period from September 1971 through May 1973: 

PROJECT I Analytical Treatment of Gas Flows Through Multilayer 
Insulation 

PROJECT I1 Study of Deposition Model of Frost and Ice From Humid Gas 
in Ducts 

PROJECT 111 Analysis of Thermal Environment in the Thrustor Cavity of 
Space Vehicles 

Due to the diversity of the projects’ requirements, the projects were assigned 

to three teams of research personnel. Under the general supervision of the 

Principal Investigator, the responsibility of technical direction for Project 

I was assigned to J. T. Lin; Project I1 was originally assigned to R .  W. 

Blanton, and subsequently t o  C. C. Shih; Project 111 was assigned to J .  J. 

Brainerd. Project I was carried out solely by J. T. Lin with minor assistance 

from the FLTE Lab staff. The bulk of work for Project I1 was carried out by 

B. R. Slngh, then Bhuminder Singh. Project I11 was conducted mainly by Jim 

Chiou under proper technical guidance. 

To make the success of this study possible valuable assistance was pro- 

vided by the following staff members of the Fluid Dynamics Laboratory at the 

FLTE Laboratory of The University of Alabama in Huntsville: 

Margaret P. Cuthill Carol Holladay Debbie Maples 

Tommie McMeans Don Miller Barbra Oedamer 

Thomas A. White and other undergraduate lab assistants. 

The computer laboratory, instrumentation laboratory, and machine shop of 

The University of Alabama in Huntsville also provided useful assistance to 

the projects. 

Cornelius C. Shih 
Principal Investigator 
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ABSTRACT 

A theoretical investigation of gas flow inside a multilayer insulation system 

has been mode for the case of the broadside pumping process. A set of simultaneous 

fintwrder differential equations for the temperature and pressure of the gas mixture 

w a s  obtained by considering the diffusion mechanism of the gas molecules through 

the perforations on the insulation layers. A modified Runge-Kutta method was used 

for numerical experiment. The numerical stability problem was investigated. I t  

h a s  been shown that when the relaxation time i s  small compared with the time period 

over which the gas properties change appreciably, the set of differential equations 

can be replaced by a set of algebraic equations f w  solution. Numerical examples 

were given,and comparisons with experimental data were made. 



Nomenclature 

C 

k 

1. 

M 
m 

N 

n 

Subscripts: 

Super sc r i p t s : 

area of one insulation layer (one side) 

total area of perforation on one insulation layer 

a ' = ( l  - c ) A  

perforation coefficient c = a/A 

Bo1 tzmann constant 

number of interstitial spaces between insulation layers 

number of kinds of absorbed gases plus 1 

moss of a gas molecule or an integer 

number of gas molecules 

number density of gas molecules or an integer 

pressure 

outgassing rates, see Equations (4), Q), and (12) 

temperature 

time 

vol ume 

mean thermal velocity of gas molecules 

number of degrees of freedom of a gas molecule 

.elaxation time 

subscript c refers to quantities inside the vacuum chamber; f 

to condition of the fuel tank; a to atmcspheric condition; other 

subscripts refer to quantities in a certain interstitial space 

superscript 1 refers to the purge gas, other superscripts refer 

to a certain kind of gas molecules 



1 Introduction 

Recent developments i n  propulsion technology have stimulated interest in 
+* 

the study of mu1 tilayer insulation systems 

purpose of multilayer insulations i s  to eliminate heat conduction between the fuel 

tank and the environment. I t  i s  then desirable that the spaces between the insula- 

tion layers be maintained at low pressures. However, i t  i s  not practical to require 

complete vacuum in the spaces between the ins!*’.ition layers, a1 though i t  would be 

ideal in principle, for the reasons that,complete vacuum i s  hardly attoinable,and 

that when the pressure gets too low, deformation of the layers would cause solid 

for the fuel tank of a rocket booster. The 

contacts, which i n  turn would induce hect conduction. I t  i s  therefore customary 
-4 

in practice to require a pressure to be of the order of 10 

i s  usually achieved before launch from the ambient pressure by some pumping device. 

There hove been two pumping procedures i n  practice; namely, the broadside pumping 

by which the direction of gas f low i s  perpendicular to the insulation layers, and 

the edge pumping which causesthe gas to flow parallel to the layers. Experiments 

torr. This low pressure 

of both evacuation procodures have been performed and results reported. 1/2/3 The 

present work i s  a theoretical onalysis for the broadside pumping process. 

In the case of broadside pumping, the insulation layers are perforated so 

that gas molecules can go through small holes on the layers, resulting i n  streaming 

gas motion perpendiculor to tne insulation layers. I t  i s  obvious that, i n  order to 

winimize layer deformation and solid contacts, small pressure differentials across 

the layers should be maintained during evacuation. This  can be achieved by small 

perforation, i.e., the total area of the holes on an insulation layer i s  small corn- 

pared to the total area of that layer. I f  we further require that the diameter of a 

single hole bermall or comparablc to the distance between two successive layers, 

there i s  the advantage of uniformity of gas motion, which renders corlvenience dur- 

jng operation. 
2 ** 

A multilayer insulation system consists of a large number, C;n the order of 10 ) of 

extremely thin sheets of low thermal conductivity and lightweight materialsr kept 

parallel to one another with a total thickness of about 1”.  



2. Formula tion 

Consider a fuel tank of simplc geometry wrapped with multilayer insulation 

and situated inside a vacuum charnbcr. Consider the broadside pumping process 

and assume that the perforation arcas are small. Then, a gas molecule in  any inter- 

stitial space between two successive layers willl on the average, collide many times 

with the walls or with some other gas molecules in that interstice before getting 

through a hole to a neighboring interstice. Thus, i t  i s  plaussible to assume that the 

gas i n  any interstitial space i s  in  thermal equilibrium with the temperature and 

pressure pertinent to that interstice, and the motion of the gas i s  simply a diffusion 

process. 

Consider the gas inside the insulation system as a mixture of a certain kind 

of purge gas and a number of different kinds of gases originolly absorbed in  the in- 

sulation materials. Let A 

side), and c 1 
perforotion area on the first layer to A .  ), and so on. Let V bc the volume of 

the interstice between the first and thc second insulation layers, and N 

of molecules in V,. V the volume of the interstice between the second and the 

third insulation layers, and N the number of molecules in V , and so on. Since 

the gases in m y  interstice are in  thermal equilibrium, each component gas has a 

Maxwellion distribution with its local density and the common local temperature. 

From the kinetic theory of gases, we have, for the gases in the i th interstice, 

be the total area of the outermost insulation layer (one 1 
the perforation coefficient of the samc layer (the ratio of the total 

I 
the number 1 

2 

2 2 

d N. 

d t  4 1 - 1  
n. -- 

a. + - I + 1  ($1 
4 I +  

2 



M 

where a. = ci Ai , a'. = (1 - ci)Ai , k i s  the Boltzmann constant, 6 the num- 

ber of degrees of freedom of motion of a gas molecule, n,, v, and T. are the number 

density, the mean thermal velocity and the temperature of the gas molecules i n  the 

i th interstice, respectively. The superscript j refers to the purge gas if j = 1, 

or the absorbed gas of kind j otherwise. The number of interstitial spaces i s  L, 

ond the number of kinds of the absorbed gases i s  (M-1) so that 

I I 

I I  I 

Ffnal!y, 

M 

0 ( j = l )  

number of outgassing molecules, of kind j from the 

(4 1 

walls binding the i th interstice, per unit area and 

time ( j  F 1). 

Equation(1)stiitt.s the conservation of m ~ s s  and &qs. (2) t h c a  conserviition of e n e r g y .  

3 



Since the L th interstice i s  ncbxL t o  t h e  fuel t a n k ,  we may asstime that 

0 and TL = Tf, where T i s  the temperature of the fuel tank. Since inter- L + l  f a 

stice 1 i s  the outermost, denoting the number densities, the mean thermal velocities 

and the temperature of the molecules i n  the vacuum chamber by n , v and 

6) = n  (i) 6)= Gland To = T  . Notice that T respectively, we have n 

as the volume of the vacuum chamber i s  very large, n O') (j # 1) are inrrcasinK1y 

smaller compared to n,(l)  a~ a l l  times .rnd wc may assume thaL nc(j)=O(j#l). 

By making this assumption, v O') (j # 1 )bt.c.omes oieaningless n.id it tir-ops out trom 

Eqs. (1) and (2)automaticaIIy. Therefore, in  Eqs. (1) and (Z), we use 

0') (j) 
C C 

C 0 C vo C C 

C 

0 

Following p. =n. k T. where p. i s  the pressure in  the i th interstice, 
1 1 1  I 

we m y  assume that 

M 

which i s  plaussible when the pressure i s  not too high. 

Using Eqs. @)and (6), i l -  tl le olttg;lssinE r;i tc*s arc' (,xl)rcssc,! i n  the  

customary units of pressure times volume per unit area and time denoted by 

Q.') = k Ti qi 0') 
I Q) 

then, Eqs. (l), (2), and (5) can be written as 

4 



i = l ,  2, - - - ,  L ; I=l, 2, ---, M .  

M 
) Qi') 

i = 1, 2, ---I L - 1.  (9) 



(1) where p i s  the chamber presscre due to the purge gas. 
C 

The mean thermal velccities or3 given by 

where rn') i s  the mass of a molecule of the j th kind. 

TO obtain a solution to the problem, the outgassing rates Q.') must be 
I 1,4-7 known a priori I usually determined cxperirnentally . 

in which gas molecules originally adsorbed or absorbed i n  a solid material leave 

that material under reduced pressure or elevated temperature. The outgassing rate 

of the insulation layers depends on the material arid preconditioning of the layers, 

the tempero:ure, the pr:assurc, t - l l c  t i i iw  a n d  t l l c  k intls 0 1  absorhcd g : l s c s . + .  7' 

Odgassing i s  a process -- 

.- a 

specific. materi;i l  and pracondir ioniny :Inti i i  spcc*ific a h s o r i d  gas, Q ;  1, .i (j) 

( T , p , t ) .  Arol!nd tlic2 room tcinperattirc ranKc?, tlli*rcb is :lot outgassing at atmospheric 

or h i  ghrr pressures. 0utg;iss iiig oc'ciir:, wlitw t l i e  1 ~ i i c ~ i c y ' ~ c ~ t i n t l  prcxssiire i s  rediiced 

i*onsFdcrably below t l i i .  atmosplicric p r ~ * s s u r t ~ .  '1';io outgassing r;ite increases as the 

pressiirc d e c r c a s c s  and ntt i i ins  :Ipl)rc*cil)l(. v ; i l u c ~ s  o n l y  a t  v e r y  l o w  pressures. 

However, in very l o w  p r c s s u r c  ri ingc's ,  t I I C ~  gass ing  rat(\ is ; I  weak function of 

p r e s s u r e .  'I'hcreffore, i t e  depcndcwce on the pressures may be approximated by 

') I p i s  the atmospheric pressure and R G )  is the out- c 0 

- - 
where Pi j 1 Pi 

, gassing rates at extremely low pressures. 

*** 
Tho absorbed gasos are mainly water vipor, with small amounts of CO and 

2 
N p  (Ref 7). 

6 



The init ial conditions associated with the system of Equations (8) and (9) 

are prescribed according to a specific situotion encountered. Usually the evacuation 

process starts with atmospheric pressure inside the insulation system. I n  this case, 

the init ial corditions can be written as 

Now, with the oI(\ + 1) C - 1 init ial conditions given=by Eqs. (13) or pre- 

scribed otherwisaond w i t h  ttic o u i g : i s h i n g  r a t c h s  ~ j ~ ( i )  knowii, and h s  using Eqs .  (10) 

and (11). t lwn  Eqs. (8) ;ind (9) ( . o n s t i t  i l l ( '  i111 iij'i>rol)r i c i l ~ ~  sct  :)f  (P.lti)l.-lsimul- 

tancous f i r s t  order (I i f ftArent iii 1 c.qri:it i o n s  fo r  t l i t ,  s * i n i e  nlimhc>r o f  rinki..own 

iimrt Ions of time,nnmcly,'~i(t-)k~L,%,--l,-l , i n d  p i ( . j ) ( t ) ,  i = l  , - - , l . ; j = l , - - , M .  

In some engineering applications, e .g . I  the Apollo Telescope Mount insula- 

tion, the temperature i s  quite uniform across the entire insulation system, and the 

gas flow inside the system i s  nearly isothermal In this case, the problem reduces 

to the solution of Eqs. (8) with Eqs. (10) and (l l) ,  and the init ial Conditions (13), 

when al l  temperatures are set equal to a constant. 

7 



3. Numerical Analysis 

In a mdtilayer insulation system, the number L usually i s d  the order of 

10 Thus, the governing Eqs. (8) and (9) consist of a large number of first order 

differential equations which are non-linear a d  coupled. The amlytical solutron 

2 

of th is  system of equat im can hardy be obtained: t irert-fort-. lint- tistss a d irt-ct 

numtbrical mc~thcrcl  ft>r its solution. 

For simplicity i n  numerical experiments, we took an isothermci case, and 

assumed water vapor was the only absorbed gas prcsent 

a hypothetical R (2' 0 # t) and cbmber conditions were used. When the temperatme 

i s  cmtont, the energy equotions (Eqs. (9) ) are not needed, and the problem r-duces 

to the solution of Eqs. (8) with init ial conditions (13). In the process oi numerica: 

computation, however, the problem of instability occurred. A numerical progmm 

using a modified Runge-Kutta method 

Computer experiments on this scheme showed that the system wos stable when the 

values of T.') = (4 V. /ai ) (n m 

the time, were large. Howcver, i n  order to establish numerical stability for small 

values of T. r 
not be obtained with a r e a m b l e  length of canywter time. Since i n  ordinary op- 

( M = 2 ) . Furthermore, 

0 

8 has been set up for th is  initial value problem. 

/ 8 k T ) 'I2 , which have a dimension of 
I I 0 

6) 
8 the step sizes of integration had to be 50 small that a solution could 

plicationsthevaluesof 7. 6) are very small, we need to seek m e  alternative or 
I 

approximation to the system of Eqs. (8), (9)and (13)- 

For the case j = 1, Eqs. (8) can be written us 

';+I = 7(ai+1, Ti + 1)and 7. - - -r(ai+18 T.) I have a dimension of the time, 

ond where r. 
'P 

* T. / Ti-l and r. 
1 - 1  I i + l  

= Ti /Ti  + I are dimensionless quantities 

or order 1. 
8 



Let the largest of al l  the four  7 's  defined above be T . Define the non- 

i s  a reference 

e 

rn 
dimensioml tempemkm and pressures as T'. = 1. / T,, where T 

temperature (soy the roan temperature), ond p'; = p 

period over which 1'. and p.' change appreciably, m d  define the non-dimensiorral 

time as t' = t /T 

1. 

r 
I ' (1) pa. Let 7 be the time 

I I 

SG thot d 1'. /dt'ond dp'- /dt' have ~ X C ~ L : I > C S  st : '  ,)r,jc I- 
e l I 

In terms d T'., p'. a d  t' , Eqs. (14) can be written as 
I i  

where s. = T / I. 
I m i  

We thot t i s  a measure of the relaxation time. I f  T << 7 , the 

etc., are dimensionless qoantities of order 1. 

m m e 
two terms an the left h o d  side of Eys- (IS) are vanishingly small compared to any 

term on the right hand side, since the mognitudes of the two terms inside the bracket, 

on the left  h o d  side are of order 1. In  this case, compocltnt 1 or the gar mixture 

in the i th interstice i s  "quasi-zteody', which means that at any instont component 

1 in interstice i am be considered instantaneously steady and the derivative terms 

in i t s  go'perning equation can be dropped. This argument cpplies to al: other com- 

ponents of the mixture i n  every interstice, i .e ., i c iiibp 1 i 1 . i  c q t ~ ; ~  i 1 "  VI. I I t 11 each 

equotiam of Eqs. (8) for coses j # I  and Eqs. (9) individually. 

As a finof step towords compfetion oi this argument, let 1 < - m < L ond 

1 < n M be twointcgerrruch that 7 i s  the larges: of 011 7 ." defined by m I - - 
1/2 

T . O ) =  ( 4V.  /o. ) ( 7  m ( i ) / 8  k T . )  
I I I  I 

9 



Then, the relaxation time of the gas mixture in the entire insulation system 7 

i s  bounded by L 1 

S An) - , i.e., m 

Denoting the time period over which the properties of the gas mixture change 

appreciably by T 

simul taneousl y i f  

wa can drop a l l  the derivative terms in  Eqs. (8) and (9)  
t* 

Thus, this system of differential equation; redxes to o set of algebraic 

equations. 
-2 

Now, for ordinary engineering applications, 7 i s  of the order 10 - 
S 

10-1 sec., while T i s  measured by hours. Therefore, condition (18) i s  usually 

fulfilled, ond Eqs. (8) and (9) reduce to 
t 

(19) i = 1, 2, - - -, L; j = 1, 2, - - -, M. 

i = 1 ,  2, ---, L - 1. 

lo 



As Eqs. (19) and (20) are cigebinic eqbations, there i s  no need for the pre- 

scription of init ial conditions. 

To obtain the solution for a particular problem, we first chcose a sequence 

- - 9, t ). The solution at any chosen time, soy tl, i s  ob- 1' '2' n 
of the time (t 

tained by solving Eqs. (19) and (20) with the chamber conditions and fuel tank 

temperature at t (see Eqs. (10) )and R 6 )  8, t,) (see Eq. (12) )which are 

pertinent to that problem. After we finish with the time sequence,. we have the 

pressures and temperatures in oli the interstices of the insulation system as functions 

of the time. If  the process i s  isothermal, one only has to solve Eqs. (19) with the 

relevant chamber conditions and outgassing rates. 

1 

11 



4. Numerical Resul ts and Comparison with Experimental Data 

For the purpose of comparison with experiment, we choose examplesthe 

experimental data of which are available. 

A circular disk of 1" thick and 6" i n  diameter i s  composed of a variety of 

numbers of insulation sheets of crinkled single-aluminized mylar. The edge of the 

disk i s  sealed with a solid insulation sheet (i .e., without perforation). The last 

layer (the back sheet) i s  also solid, but the rest of the insulation layers are per- 

fomted with a perforation coefficient equal to 0.0138. The perforation holes are 

0.09375" in diameter. The distance between two adjacent holes i s  0.707" center 

to center 

?he disk i s  placed in a large vacuum chamber. ?he chamber and hence 

the multilayer system (i .e ., the disk) are maintained at room temperature a l l  the 

time, so i t  i s  an isothermal process. A t  the beginning of the experiment, the 

vacuum chamber acd the mu1 ti layer system are fi I led with nitrogen (purge gas), and 

the pres*t',e inside each interstitial space between two successive insulation layers 

and the pressure in the chamber are atmospheric. The chamber i s  then evacuated. 

The pressure in the chamber and the pressure i n  the last interstice of the insulation 

system are recorded as time proceeds. 

The outgassing rates, R') as functions of the time, of the insulation sheets 

wore ob,ai.ied before hand by separate experiments. The outgas components are 

moir'. water vaporr with small amounts of nitrogen and carbon dioxide. For sim- 

plrcity, we assume only one kind of outgas (water vapor) present, i .e., only R 

has non-zero values. The outgassing rate R(2) (t) of crinkled single-aluminized 

mylar i s  shown i n  Fig 1 

(2 ) 

11. our analysis, we use a set of R(2)(+) values at different times successively. 
(2 1 To vbtain the solution at any chosen time, say t , we use the values of R 

and the chamber pressure pc(') (t,) in Eqr*( 19) Thus an appropriately chosen set 

(t ) 1 1 

ef R (2 1 (t) and p ("(t) wi l l  result i n  a solution of the P.(t), *the pressure history of 
C I n 

the gas mixtureinside the mu1 tilayer insulation system. However, the RL(t) values 

are available only up to t = 48 hours; thuqour computations have to stop there 



Theoretical computation includes the pressures P. (t) inside each interstice, 

whiie only the pressure in  the last interstice P (t) , i .e., the backside pressure, i s  

experirmntally measured. Therefore, only the comparison for P (t) can be made. 

Comparisons of the theoretical P 

Figures 2 through 6 -  

I 

L 
L 

(t) and the experimental data are presented i n  
L 

13 



5. Conclusions 

First of all, i t  should be noted that the comparison between the computed 

and measured values of the p ‘s presented i n  Figs. 2 tliro!lgh 6 (.;innot t ) ( i  t a k e n  

scrioilsly,  sinccb i t  is known t 1 1 . 1 1  tiit1 tsxpcrirncnt I-or ( t i l >  t1c.1 c r l i i i i i ; i t  i c ~ n  o f  t h e  

outgass ing  rate was not ; i p p r o p r i ; i t e l y  perforrntAd; t i i r i s ,  t 11c. v;ilirt.s ~ ( 2 ’  ( t )  

presented i n  F i g .  1 ,  upon w l i i t * I i  oiir ( * a l ( . u l i i t  ion w ; i s  bnsr.tl, a r c ’  n o t  r e l i ab le .  

1Jt>vertlreless, Figs .  2 throiigli  h serve t o  slim ;I qu, i l  i t ; i t  i v e  c:oriil).ir i s o n  ;ind 

LO indicate some possible experimental errors. 

L 

# 

I t  can be seen from the figures that at early times the computed p i s  L 
much higher than the experimental values. However, the computed and the mea- 

sured values are 

and good agreement i s  established after a rcbason;ii,ly l o n g  time. 

of preconditioning on the outgassing rate i s  l ikely to be a weak function of time 

when t i s  large, one probable and important course of experimental discrepancy 

would arise from different precondi tionings of samples, i .e., the samples for the 

measurement of p (t) and the sample for the determination of R(2)(t) were dif- 

ferently pre-treated. Another source of error would be the contamination of 

equipments inside the vacuum chamber. 

coming closer and closer ti)gc.ther .is t i m c  prr)(-c\eds,  

Sin(.(> the e f f e c t  

L 

It i s  believed that agreement between the theory and experiment can be 

achieved if, with special attention to preconditioning, a set of consistent ex- 

periments i s  performed. 

$ 
At the time of the writing of this report, the Morshall Spoce Flight Center i s  
planning to reconduct the outgassing rate experiment. 

14 
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INTRODUCTION 

H e a t  exchrngers are an e s s e n t i a l  pa r t  of t h e  process o f c o o l i n g  various 

colponents in apace vehiclee. Since, i n  any design r e l a t ed  t o  space 

t r a v e l ,  ways of reducing W h t  and volume are aivays of u t aos t  impcrtance, 

a concept that w u l d  lead to  l i g h t  and compact heat exchangers should cer- 

tainly be looked into. Oee posmlbi l i ty  tha t  has been suggested is t he  use 

of cryogenic l i q u i d s  a8 t h e  coolant fn theme heat exchangers. T h i s  o f f e r s  

an excellent p o s s i b i l i t y  f o r  Improved performnce  and reduct ion i n  Weight 

and volume slnce cryogenics provide extremely low temperatures.  This concept 

appears evet =re a t t r a c t i v e  when one considers t h e  f a c t  that cryogenics are 

already used as f u e l  In space vehic les  and hence r ead i ly  ava i l ab le  t o  serve a 

dual  purpose. 

c3oled ourface, f r o s t  f o r s s  rap id ly  on the sur face  and may eventual ly  plug up 

t h e  system and render It use l ees  u n t i l  the  f r o s t  Is removed. Therefore, t he  

dcmlgc of such a hea t  exchanger would requi re  de t a i l ed  Ixifomatior. regarding 

t h i s  f r o s t  foxmation. 

Objectives: 

However, when humid air comes i n  contact  with a cryogenical ly  

This  is where the  purpose of t h i s  study comes in .  

The basic ob jec t ive  Is t o  study the  f r o s t  formation on super-cooled 

su r faces  as a funct ion of time, a i r  ve loc i ty ,  a i r  i n l e t  and o u t l e t  tempera- 

tureo. This would be done a n a l y t i c a l l y  as well as experimentally t o  a r r i v e  

a t  empirical r e l a t i o a s  t h a t  would predic t  heat t r a n s f e r  c o e f f i c i e n t s  and 

rate of f r o s t  growth for d i f f e r e n t  conditione.  

Experimental S e t 2 :  

The study began with a crude experimental model (Figure I) t o  gain a 

perspect ive of the  problem. 

providlng a i r  flow f o r  t h e  heat exchanger. 

two f l a t  p l a t e s  and these  p l a c e s  were cooled by the  use o l  dry ice in on 

The set-up p r i m a r i l y  consis ted of a blcuer 

The heet exchanger consisted of 



acetone t a t h .  Hovever, c e r t a i n  problem8 were rea l i zed  immediately. F i r z t ,  

t h e  r o w  a i r  d id  not supply e u f f i c i e n t  moisture t o  show a s ign i f i canc  frost 

bu i ld  up. Teste were conducted with Scot t  Phase Heat Exchanger (Model 9058) 

t o  i nves t iga t e  its uee a6 a source of mroieture for t he  syatem. 

ment proved t o  be successful  i n  providing s u f f i c i e n t  moisture t o  e i n h l r .  US t o  

observe f o r  the f i r e t  t h e  an a c t u a l  plug-up of t h e  a i r  passage due t o  f r o s t  

build-up. Photographs of this passage were taken a t  d i f f e r e n t  i n t e r v a l s .  

Thi6 plug-up was obsetved f o r  var ious v i d t h  spacing of t h e  two p l a t e s .  

order t o  see how thick t h e  f r o s t  would g e t  before it  beEins t o  a c t  as an 

in su ln to r ,  i t  w u l d  have been necessary t o  have a very l a r g e  width between 

t h e  p l a t e s  and then maintain the  h m i d  flow aad low temperatures f o r  several 

hours. Thls was n e t  poseible  f o r  t h e  e x i s t i n g  set-up due t o  the  problem of 

boi l -off  of t h e  coolant and hence :he i n a b i l i t y  t o  maintain cold p l a t e s  for 

t h e  required durat ion of t i m e .  

This equip- 

In 

Another problem t h a t  was rea l i zed  was the  f a c t  t h a t  t h i s  set-up had no 

means 01 recording t h e  f r o s t  growth. 

of recording t h i a  f r o s t  growth. 

capacitance change between t h e  p l a t e s  and r e l a t i n g  it  t o  f r o s t  build-up. 

H e w l e t t  Packatd Univerral Bridge Instruments (Model 4260A) was u t i l i z e d  f o r  

recording such capacitance changes. However, it was soon discovered t h a t  t h e  

capacitance between t h e  p l a t e s  changed not only due t o  f r o s t  build-up, but 

w a s  a l s o  a f f ec t ed  by t h e  p l ex ig l aes  casing, as b 11 as any changes i n  t h e  

flow rate o r  temperature of t he  a i r  passing betwee? t h e  p l a t e s .  

t he re fo re  decided :kt t h i e  method was not f e a s i b l e .  

Thought was given t o  var ious methods 

One such method consis ted of measuring 

I t  was 

Havlng r ea l i zed  that t h i s  eet-up had no means of recording f r o s t  growth 

I \ ) ( >  ; t i r  velocity, humidity and teuperature ,  and t h a t  t he  e x i s t i n g  tcs t  

sec t ion  allowed too much coolant boil-off and hsd no provis ions f o r  draining 

t h e  water from the  melting of f r o s t  a t  t he  end of ar? experiment, i t  was 

2 



decided t o  design and aeeemble a new system and a new test Lec t ion .  

a b l e  amount of time was spent towards designing such a system, and the  fin:' 

arrangemurt is shown i n  Figure 2. 

,\ rc:nsidt r -  

Comprersed a i r  is used as t h e  source of flow f o r  t h e  system. This 

eliminates the need f o r  a blower. 

used t o  con t ro l  the  flow rate. This flow rate is measured using a Cox Turbine 

meter and a frequency counter. 

point  t o  convert  from ACPH t o  SCFM. 

8" x 10" rectangular  duct  where i t  I s  heated t o  a des i red  temperature by a 

var i ab le  5 kw duct  hea te r  (H.W. T u t t l e  Co.). Relat ive humidity is  cont ro l led  by 

using a power epray humidifier and recorded on a Serdex Hygrothermograph, 

before  being sen t  t o  t h e  test sec t ion .  

shown i n  Figure 3. 

A pressure regula tor  and a ga te  valve are 

Pressure and temperature are recorded a t  t h i s  

This air  supply I s  now passed through an 

A p i c t u r e  of t he  P'ssembled sys tem is 

The new tes t  eec t ion  has been designed but not  y e t  constructed.  A Pictiire 

of the proposed tea t  eec t lon  is shown i n  Figure 4. 

sec t ion  w i l l  have t h e  same two f l a t  p l a t e s  forming a rectangular  passage. 

However, t he  new concept has an air passage below and above t h e  test passage 

t o  c i r c u l a t e  warm air el iminat ing fog formation and making it poss ib le  t o  

record v i r u a l l y ,  frou abve ,  the  f r o s t  jrowth a t  var ious  loca t ions  along t h e  

teat  sec t ion .  Liquid Nitrogen w i l l  be used ins tead  of dry ice t o  provide the  

cryogenic temperatures. ('l'hc boxrs c*oni;i I n  t tic. spr , iy -o i i  fom i i l q i i  ic , l1  

(SOFI) t o  reduce bo i l -o f f , )  ' r l i i s  nt w [cast  

When assembled, t h i s  tes t  

sc't.1 io i i  I i i iS  ;111 c : I ~ \ ,  ~ i t - r ~ i i l k : ~ ~ l i M ~ i i L  for 

changing the rpacing of t he  two p l a t e s  without disassembling the  whole thing.  

The handles that hold t h e  p l a t ee  ?n place t r a v e l  i n  grooves and simply need 

t o  be moved i n  o r  out  t o  change the  width of the  gap. 

Analyt ical  Study: 

The ana lye is  of an approximate model f o r  t he  growth of a depos'ced laver  

on the  cryogenic eurface hae been i n i t i a t e d ,  t he  d c t a i l s  of  which have been 

3 



previously reported in an interim report (Hod, I ,  Project 11, October 

1972). 
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FOREWORD 

The work described i n  t h i s  repor t  is pa r t  of a continuing e f f o r ,  

being ca r r i ed  out a t  UAH. 

a c lose  l i a i s o n  with 1 . f .  Bob Fisher and M r .  Jerry Vanneman of NASA- 

MSFC , The purpose of t h i s  close l i a i s o n  has  been t o  d iscuss  

problems, results, and new techniques i n  order  t h a t  t h e  r e s u l t s  of t h i s  

study be as benc i  i c i i l l  to this group i ls possible. ( b n s e q u e n t l y ,  many 

informal recommendations have been made, which may o r  may not be 

formalized i n  t h i s  report .  

The pa r t i c ipan t s  i n  t h i s  study have maintained 

. 



TABLE OF CONTENTS 

Chapter 

I. 

FOREWORD 

INTRODUCTION 

1.1 The Problem 
1.2 Literature Survey 
1.3 Zxperimental Program 

11. ANALYSIS 

2.1 Fundamental Features of the Flow 
2.2 Horseshoe V o r a x  Model 
2.3 Vortex Strength 
2.4 Experimental Results 
2.5 Cavity Shape 

111. APPLICATION OF 2-D THEORY 

3.1 Modified 2-D Theory 
3.2 Zero Incidence Cases 
3.3 Angle of Attack Cases 

IV . RESULTS 

Page 

i 

1 

1 
1 
2 

3 

3 
4 
7 
9 

li 

12 

12  
15 
16 

18 



NONENCLATURE 

a 

b 

L 

Me 

Re 

Taw 

To 

Tw 

V 

XO 

Y 

r 

w 

0 

Subecr ip t s 

C 

d 

e 

Cavity width 

Cavity depth 

Cavity opening diameter in axially-symmetric nozzle 

Root-mesn square of the surface velocity over the perimeter 
of the cavity 

Reattachment zone length (equ. 12) 

Mach number of the external flow 

Reynold's number 

u L/V, 
d 

Local Ste.nton number 

Adiabatic wall temperatiire 

Stagnation temperature of flow 

g/ [pcvcp (Td-T,) 1 

Cavity wall temperature 

Local velocity outside boundary layer on cavity wall 

Effective running length 

Ratio of specific heat (cp/s) 

Circulat ion 

Vor t icity 

Angle counting counteiclockwise from axis of symmetry 

Condition in cavity 

Condition for dividing streamline 

Condition for external flow 

ii! 



m 

Q) 

Modified theory value 

Condition fo r  free stream 

l v  



INTRODUCTION 

1.1 The Problem 

The problem t o  be s tudied stems fram the requirement f o r  t e e  c ~ n t r c l  

system t h r u s t o r s  of a space s h u t t l e  type vehicle ,  necessary for  exo- mospheric 

f l i g h t  control, t o  be buried within the  heat s h i e l d  of t he  veh ic l e  so that 

in t e r f e rence  heating Vi11 be reduced d u r i q  fl?.ght i n  the  atmosphere. The 

g e a e t r y  of a t y p i c a l  i n e t a l l a t i o n  is i l l u s t r a t e d  tn Figure 1. 

a m s p h e r i c  f l i g h t ,  t h e  noa-firtug t h r u s t o r  nozzle is slmplj. 4 c a v i t y  i n  

During 

t h e  surface of t h e  vehicle.  The In t e rac t ion  of t h e  hypersonic e x t e r n a l  flow 

with the  cav i ty  produces ercese l o c a l  heat ing which must be amelforated. 

Mechanical systems, such as a cover t h a t  s l i d e s  over t he  nozzle e x i t ,  

and active cooling systems introduce o the r  problems besides  addlng undesirable 

weight ard co rp lex i ty  to  t h e  vehicle .  The simple expedient of increasing heat 

sh i e ld  thickness  i n  t h e  region of t h e  c a v i t y  would u l t l m a t e l y  Imply a d d i t i o n a l  

a b l a t i o n  in t h e  area and a p r o b a b l e  c’hanjic i n  nozzltb sixc’ or sii,ipc* irom € l i g h t  

t o  f l i g h t .  This may requ i r e  a d d i t i o n a l  refurbishment before each f l i g h t .  

This study, t he re fo re ,  is aimed at  detennin’ng t h e  mechanisms involved in 

p r d u c i n g  the  high l o c a l  heat ing rates i n  and around the t h u r s t o r  nozzle i n  

non-firing condition. I n  such a case,  t he  nozzle is t r ea t ed  simply as a cav i ty  

1.2 L i t e r a t u r e  Survey 

A survey of t he  l i t e r a t u r e  on t h i s  and r e l a t ed  problems has revealed 

t h a t  very f e u  r e s u l t s  appl icable  t c  t h i s  p a r t i c u l a r  problem are ava i l ab le .  Of 

t he  papers reviewed, only those referenced i n  t h i s  report  appear t o  have d i r e c t  

consequence f o r t h i s  study. 



1.3 Em crimcntal Program 

A test program, conducted at AEDC by personnel of General Dynamics, Corp., 

ha6 produced some results directly applicable to this study. In order to pro- 

vide a baellr for comparison or for development of empirical relations, a short 

study sae made to compare the flow conditions in the wind-tunnel studies with 

flight conditions. Of particular concern was the question of whether the 

boundary layer ahead of the cavity was laminar or turbulent in either the 

vind tunnel or flight regimes. A map of these conditions is shown in Figures 

2 and 3. The vind tunnel conditions are for the von Kaman F a c i l i t y ,  Tunnel 

B, at AEDC . The flight conditions are for a typical reentry corridor, with 
no special attempt t c  relate the reentry trajectory to the space shuttle 

vehicle. 

1 2 

In the wind tunnel tests and in the flight regime, it i s  to be expected 

that the boundary layer ahead of the nozzle cavity Wiil be fully developed 

and turbrrlent. In flight, but not In the wind tunnel, the boundary layer 

probably would contain significant amounts of ablation products. No attempt 

is made LO account for the influence of ablation or surface heating ahead 

of the nozzle area, except to account for the total temperature profile through 

tne boundary layer and, hence, the total pressure profile. 

Since the analysis of the experimental data is bcing carried out a t  

General Dynamics, no general discuseion of the results will be made here. In  

so far os possible, comparisons of the results of this study are made with 

the raw data of the experiments. These confirm the qualitative features 
3 

of the flow derived from theoretical analysis. 
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ANALISIS 

2.1 Fundamental Features  of t h e  Flow 

In the f l i g h t  vehic le ,  t h e  th rus to r  nozzles  a r e  t o  be i n s t a l l e d  i n  

Presmably,  t h e  loca l  r a d i u s  of curvature  of the body curved surfaces .  

w i l l  be s u f f i c i e n t l y  large c f .  t h e  nozzle diameter so t ha t  the  e f f e c t s  of 

sur face  curvature  w i l l  be a t  moat of secondary importance i n  t h i s  problem. 

The wind tunnel  tes t  program centered mainly on axially-symr?ztric nozzles 

set i n t o  a f l a t - p l a t e  model. In  this study, only one bas ic  configurat ion 

is considered. This is t h e  axially-symmetric nozzle cavi ty  set i n t o  a f l a t  

p l a t e  with t h e  nozzle axis normal t o  the  p l a t e  sur face ,  as i n  F ig .  1. The 

:low would be  two-dimensional i n  t h e  absence of t h e  cavi ty .  

produced by t h e  cav i ty  i s  three-dimensional, which g rea t ly  adds t o  t h e  

complexity of t he  problem. 

The dis turbance 

Sketches of a two-dimensional cav i ty  flow and t h e  c e n t r a l  plane of t h e  

present  problem are shown i n  Fig. 4. In t h e  two-dimensional problem, t h e  

boundary layer  separa tes  from t h e  upstream edge of t he  cavi ty .  The d iv id ing  

streamline leaves t h e  separat ion point  and i n t e r s e c t s  t h e  downstream sur face  

of t h e  cavi ty ,  a t  a s tagnat ion point .  

depends upon seve ra l  parameters such as cav i ty  height and cavi ty  width. But, 

i n  t h e  s teady s ta te  2-D so lu t ion ,  t he  s tagnat ion  s t reamline is t he  separa t ion  

streamline.  

dr iven by t h e  shear ing stress along the  d iv id ing  s t reamline.  

The loca t ion  of t he  s tagnat ion  point  

The flow with in  the  cavi ty  c i r c u l a t e s  about a vortex core,  

I n  t he  three-dimensional case,  f l u i d  may move i n  t h e  y d i r e c t i o n  so t h a t  

In  a steady a net mass may be in jec ted  i n t o  t h e  cav i ty  i n  t h e  c e n t r a l  plane. 



~ t a t e ,  t h e  mass flowing i n t o  the  cav i ty  near t h e  center  l i n e  m u s t  flow 

out of t h e  cav i ty  at some d i s t ance  from the  c e n t r a l  plane. The symmetry 

of t h e  cav i ty  c l e a r l y  shows t h a t  s tagnat ion should occur only in t h e  

c e n t r a l  plane, so t h a t  t h e  l a t e r a l  flow would be expected t o  occur. The 

in j ec t ed  mass flow would increase t h e  angular momentum of t h e  flow i n  

t h e  cav i ty ,  thereby strengthening t h e  vortex within t h e  cav i ty .  This 

vortex must exit  t h e  cev i ty  with t h e  outflow and be wat’ied downstream. 

The r e s u l t a n t  vortex shape is reminiscent of t h e  classical horseshoe 

vortex of a l i f t i n g  wing of f i n i t e  span. (Fig. 5 )  A crude model has 

been devised t o  i n d i c a t e  th: inf luence of t h i s  vortex on the  pressure 

d i s t r i b u t i o n  in t h e  neighborhood of t h e  cavi tv .  The model is  discussed 

in some d e t a i l  In  t h e  next s ec t ion  of t h i s  r e p o r t ,  ir:cluding a comparison 

with experimental r e s u l t s .  No attempt has  been made t o  include com- 

p r e s s i b i l i t y  e f f e c t s ,  or t he  i n t e r a c t i o n  of t h e  t r a i l i n g  vortex with the  

boundary layer .  

The s t r e n g t h  of t he  vortex within t h e  cav i ty  is d i f f i c u l t  t o  a sce r t a in .  

Values may be in fe r r ed  from two-dimensional r e s u l t s ,  but  great  care must be 

exercised i n  order  t o  avoid erroneous conclusions.  A discussion of two- 

dimensional and a x i a l l y  a y m e t r i c  (annular cav i ty )  s t u d i e s  i s  presented i n  

a succeeding sec t ion  of t h i s  r epor t .  

t e n t a t i v e  concliisions may be drawn, p a r t i c u l a r l y  in  reference t o  f u t u r e  

experimentation. 

2 .2  Horseshoe Vortex Model 

As a r e s u l t  of t hese  s t u d i e s ,  some 

The vortex within t h e  cav i ty  i n  the  three-dimensional case must extend 

“ t o  i n f i n i t y , ”  c l o s e  on Itself, o r  end on a s o l i d  wa l l ,  according t o  a theorem 

4 



due t o  Helmholtz. 

l i n e  may end on a s o l i d  boundary only at a s tagnat ion  poin t .  

t h e  vor tex  generated i n  t h e  cav i ty  i n  t h e  case  under considerat ion must 

have t h e  form a6 described earlier (Fig. 5 ) .  

It has a l s o  been s h w n  t h a t  i n  viscous flow, a vortex 

Consequently, 

The horseshoe vorter m u s t  be one of t he  dominant f ea tu res  of t he  cavity- 

boundary l aye r  i n t e rac t ion .  The flow induced by t h e  vortex would modify 

pressure d i s t r i b u t i o n s  and ve loc i ty  f i e l d s  t o  a s i g n i f i c a n t  degree. Viscos i ty  

and compreesibi l i ty  would modify these  e f f e c t s ,  of course. 

A crude i n i t i a l  model was d w i s e d  by considering t h e  superpos i t ion  of 

a uniform flow on t h e  flow due t o  a horseshoe vortex i n  s teady,  p o t e n t i a l  

flow. Viscosi ty ,  compress ib i l i ty  and body forces  are neglected.  The 

boundary condi t ion t h a t  t h e r e  be no flow through t h e  sur face  is imposed by 

t he  method of Images. The cav i ty  w a s  not  included i n  t h e  geometry. 

a t  a 

The ve loc i ty  f i e l d  induced by a horseshoe vor tex  ly ing  i n  an 

height  z above lche sur face  is given by : 

xy plane 
4 

Y - y I ,  I 
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where is the  c i r cu la t ion .  The model is i l l u s t r a t e d  i n  F i g .  6. In com- 

parison of t h i s  i n i t i a l  model with the a c t u a l  flow geometry, the length of 

segment A-B of the horseshoe vortex is taken as being equal t o  t h e  nozzle 

exit diameter . 
Since t h e  image system u t i l i z e d  above guarantees t h a t  t he re  be no flow 

through t h e  surface z = 0 ,  t h i s  model EhOWE no flow i n t o  the  cavi ty .  

order t o  ob ta in  a downwash v e l o c i t y  over t h e  cav i ty  opening, an a d d i t i o n a l  

l i n e  vortex segment is superimposed, on t h e  flow f i e l d  i n  t h e  upper half  plane. 

This new vortex segment is p a r a l l e l  t o  t h e  segment AB, a t  a d i s t ance  equal 

t o  2, below the cav i ty  surface.  

I n  

Thus the  v e l o c i t y  vector  is obtained: 

6 



In this model the compressibility, the boundary conditions on the cavity 

walls, and the boundary layer upstream of the cavity have not been taken 

into account. 

Bernoulli Equation. 

2.3 Vortex StrenRth 

The pressure at any point is obtained from the incempressible 

Since the velocity and pressure fields in the vortex model are depen- 

dent upon the strength of the vortex, I', (circulation) some method for 

predicting the value of I' must be specified. 

cal study which would specify r for the geometry of this problem, an appeal 
I s  made to the qualitative similarity between the flow in the plane of 

symmetry and the flow in a iwo-dimensional problem. 

Burggraf' has given the following relation for the vorticity, w, in a 

In the absence of any theoreti- 

two-dimensiona~ rectangular cavity: 

7 



where a is t h e  width of the cav i ty ,  b is t h e  depth of t h e  cavi ty ,  Xo I s  t h e  

b/a 114 1/3 1 / 2  

F2 .o iow . o m 2  . o n 2 2  
- 

"e f fec t ive  running length" t o  t h e  separat ion point ( In  our case,  t h e  d i s -  

1 2 3 4 

.07029 .i248a .is583 ~ 7 4 6 6  
i 

tance from t h e  leading edge of the p la te  t o  t he  edge of t h e  c a v i t y ) ,  and 

is the  root-mean-square of t h e  su r face  ve loc i ty  over t he  perimeter of 

t he  cavi ty .  

with cavity width, a ,  may be obtained from 

where t h e  subsc r ip t  1 denotes a reference condition. With aref taken as 

being equal t o  b, t h i s  v a r i a t i o n  of w with a is shown i n  Fig. 8. 

The heat t r a n s f e r  r a t e  on the  reat tachnent  (downstream) wall of the 

cavi ty  is  given by Hodgson6 as: 

P u(34 
91 

This v a r i a t i o n  is a l s o  shown i n  Fig. 8. 

( 5 )  

Burggraf ' s  theory is based upon the  plone, i nv i sc id ,  incompressible, 

but r o t a t i o n a l ,  flow over a rectangular  cavi ty .  According t o  h i s  theory,  

8 



the heat transfer rate depends only on the cavity width-to-depth ratio. 

Hodgson includes compressibility. H i s  results indicate that the heat 

transfer rate may vary with cavity width, even with b/a fixed, thus re- 

vealing a scaling effect. 

A comparison of the heat transfer rates on the reattachment wall 

predicted by these two-dimensional theories with the rates obtained in the 

plane of symmetry in the three-dimensional tests in a wind tunnel are 

ahown in Fig. 9. Two items are immediately indicated by this cornparism: 

1) the test data is much steeper in the reattachment zone than that pre- 

dicted by either Burggraf's 3r Hodgson's theory; and 2) the tests show a 

decrease in reattachment heating with decreasing nozzle diameter as evi- 

denced by tests with a two inch diameter nozzle, and tests with a one inch 

diameter nozzle. Hence, scaling may be a very Important factor in the appli- 

cation of the wind tunnel test results to the flight vehicle. 

The vorticity predicted by Burggraf's two-dimensional thexy was taken 

t o  predict the circulation I' of the horseshoe vortex in the three-dimensional 

model discussed earlier. The pressure distribution obtained from this 

model are shown in Fig. 10. Experimental results, shown in Figs. 11 - 21, 
show qualitative agreement. 

2.4 Experimental Result6 

Testa of the axially symmetric nozzle cavity in a flat plate at various 

angles of attack, were conducted in the AEDC-VKF Tunnel B ,  for various 

Reynolds Nur5ers and at il nominal Mach Number of 8.  

conditions for the various tests are lleter; in Table I. The flow conditions 

Wind tunnel operating 
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on the flat plate for the ten cases shown in this report are listed in 

Table 11. 

ten cases are shown i n  Figs. 11 - 21. 
Isobars and ieotherms in the vicinity of the cavity for these 

The major qualitative features of the pressure field in these tests 

are predicted by the horeeehoe vortex model of the flow. Of particular 

interest in thie respect is the high pressure zones just outside the cavity 

at 9 = Oo. Where the theory ehows a decreasing pressure, the experiment 

ahow a low preseure on the cavity lip and a rising pressure downstream. 

This discrepancy could be due to separation as the reattached flow tries 

t o  nezstiate the sharp lip of the cavity exit. 

$8 remarkable i n  view of the crudeness of the theoretical model. This 

clearly demonetrates that the horseshoe vortex i e  the key feature of the 

flow field. 

In any event, the agreement 

One aspect of the test results is  very intaresting. In an effort to 

reduce the peak heating rate in the cavity, which occurs at the reattach- 

ment point, cold gas was bled (i.e., at low thrustor chamber pressure) 

through the nozzle in cases 2 and 3 .  With increasing bleed rate the stag- 

nation point (reattachment point) moved farther into the cavity and the 

reattachment wall temperature increased. Thus the nozzle bleed aggravated 

the heating problem instead of ame3.ioreting it .  

of the flow explains this phenomenon. Since for the bleed cases (as opposed 

t o  tbrustor firing) the stagnation pressure of the bleed gas is much, much 

less than the stagnation pressure of the external flow. A s  indicated in Fig 

22 ,  the recirculating gae is not much influenced by the bleed gas which 

The horseshoe vortex model 

10 



must separate from the downstream (reattachment) wall just above the nozzle 

throat. 

the v?stream wall. 

momentum of the cavity flow, and therefore increases the vortex strength. 

The stronger vortex, in turn pulls in more of the external flow, again 

Consequently, all of the bleed gas must be directed upward along 

This injection of the b1ec.d gas increases the angular 

increasing the angular momentum in the cavbty. 

line, moreover, originates higher in the upstream boundary layer so that it 

has a higher stagnation temperature than the streamlines closer to the wall, 

due t o  heat transfer to the plate. 

2.5 Cavity Shape 

The new stagnation stream- 

Thomke' has studied the flow of turbulent boundary layers flowing over 

axially-symmetr:c cavities (annular grooves cut into the surface of a right- 

circular cone). 

2.0,  2 .5,  3.0, and 4.0 and wind tunnel unit Reynold's Numbers of 0.95, 1.02, 

1.36, 1.43 ,  and 1.30 million. A comparison of pressure distributions taken 

at M = 2.0, Re - 0 .95  x lo6 per inch for two cavity shapes is shown i n  F i g .  

23. 

The experimental tests were conducted st Mach Numbers of 

The test results clearly show that rounding the reattachmert wall pro- 

duces a much flatter (almost constant) pressure distribution along the cavity 

floor. 

and the point of maximum pressure being moved downstream. These results 

would imply that rounding t;ie corner would reduce heating in or near the 

cavl t y . 

Additionally, the rounded corner results fi a lower peak pressure, 

11 



APPLICATION OF 2-D THEORY 

3.1 Modified 2-D Theory 

As indicated before,  t he  flow over t h e  a c t u a l  t h rvs to r  nozzles andover 

the  axially-symmetric nozzles mounted i n  t h e  wind tunnel models is three- 

dimensional. But present ly ,  t he re  is DO t h e o r e t i c a l  stud) on the  three  

dimensional cav i ty  f low which can be used t o  pred ic t  t h e  heat t r a n s f e r  rate 

t o  t h e  th rus to r  nozzle walls. Pince, due t o  symmetry of the  cavi ty ,  t he  flow 

would s tagnate  In  the  c e n t r a l  plane,  t h e  c e n t r a l  plane would have t h e  most 

severe heat ing caused by t h e  flow. 

is q u a l i t a t i v e l y  similar t o  a two-dimensional flow. 

made t o  u t i l i z e  the  ex i s t ing  two-dimensional theory coupled w i t h  t he  

experimental da ta ,  t o  pred ic t  t h e  reattachment hea t ing  on t h e  c e n t r a l  plane 

of t h e  thrus tor  .Jzzles .  

Further ,  the  flow i n  the  plane of symmetry 

Hence, an a t t empt  w a s  

6 
From t h e  l i t e r a t u r e  survey, i t  w a s  found t h a t  Hodgson's theory w a s  the  

moat appl icable  t o  t h i s  study. 

i n  Fig. 24. 

t h e  oncoming boundary layer .  

t h e  reattachment wall is 

The model chosen i n  Hodgson's theory is shown 

I t  I s  similar t o  t h a t  used by Chung and Vlegas,8 who neglected 

The r e s u l t i n g  expression f o r  t h e  ve loc i ty  down 

vo.> = 1 - 0.189 exp (-5.3 ) 

d 
U 

exp [-y/L (9.87 ns + 28.1) ' ] m - 10.6 1 - 
n-1 2 

9.87 n + 28.1 
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'I'he e f f e c t  or' t h e  upstream boundary layer l e  accounted for  ihrough its 

inf luence  on the  d i v i d i n g  s t reaml ine  v e l o c i t y  U , which can be obtained 

from t h e  analysis 01 Denison and Barn.' A l eas t - square  curve f i t  of 

Denison and Barn's r e s u l t  has been given by C. D. Engel" as 

d 

c U = a + a ~ + a ~ 2 + a ~ 3 + a ~ 4 + a F 5  

'e 0 1 2 3 4 5 

where 

S* - w/x ( f l a t  plate)  
0 

w - c a v i t y  w i d t h  

x = eif ect  ivc- running l e n g t h  
C 

a - 0.:.;706 
a = 0.088707 

a -4.049822 

a -0 .0020116 

a - 0.0047757 

a - 0.0006549 

0 

1 

2 

3 

4 

5 

The c x p r e w i o n  for the local  Stanton number is 

fo r  air ( p  

s t r e a m l i n e  temperature T 

= 0.7),  c1 - 0.413, c2  - 0 . 4 3 5 .  c 3  - 1.87 and the d i v i d i n g  
c 

11 is ,found front Schl ich t ing .  d 
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2 
2 

U A 

P 
Y 2c (9) (T - T )  - 

C 
T = T  

d c ’ j J e  

The cavity temperature wat assumed a s  

C * O a 5  (Td + W 

eliminate T from Eq. ( 9 )  and (101, expression of T is  
C d 

L 

c t! \ C ’  

12 
The reattnchmeyt zone length L was given by Nester, 

L = Li 

5 .22  + 4.41.(: - 1) 

where L l e  the value corresponding t o  incompressible flow, 
i 

with above formulae, t h e  heat t r a w f e r  rate h i s  given by: 
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The 8bove d e l  and f3 r ru l ae  (axcept Eq. (11)) were obtained from Hodgsan's 

theory for a tw-dimetmional rectangular cavi ty .  

theory t o  pred ic t  t h e  heat t r ans fe r  rate i n  the  c e n t r a l  plane of axia l lv-  

smetric nozzle, slmple r o d l f i c a t i o n s  based upon empirical  da ta  w e r e  

made. lead- to  t h e  follcming formulae: 

Xn order t o  apply t h i s  

Equation (15) accounts f o r  t h e  flow rea t taching  in s ide  t h e  cavi ty  instead 

of reat taching r i g h t  at t h e  corner,  as in 2-D theory. Equation (16) 

descr lbes  :he heat t r a n s f e r  t o  the cav i ty  w a l l ,  s t rongly  influenced by 

the  horseshoe vortex within the  cavi ty .  

3.2 Zero Incidence Cases 

A ca lcu la t ion ,  baaed on the  above formula, war wide t o  compare with 

AEDC test da ta  as shown In  Flg. 25. For zero Incidence cases, t h i c  

lwdified Hodgson's method matches AEDC test da ta  p r e t t y  well. 

st rongly indicates t ha t  t he  flow before t h e  cav i ty  was 1amin.ir during 

the  tcst  of zero incidence cases. This could happen because during the  

test of zero incidence c a ~ e s ,  a s l i g h t l y  negat ive angle  of a t t ack  was made 

:o compensate f o r  t h e  displacement e f f e c t  of t h e  boundary layer. And 

8ic.r.e the growth of boundary layer  is non-linear, by doing this compensation 

This  

15 



the boundary layer vould tend to be stabilized because of a slightly 

favorable pressure gradient away from the leading edge. Hence, in spite 

of the high Reynold's number in the test condition, the flow m y  well be 

stabilized sufficiently that the onset of transition occurs downstream of 

the cavity. 

3.3 Ang le of Attack Calres 

In F i e .  27, in the angle of attack cases, there is an order of magni- 

tude incrense in the normalized experimental heat transfer rate above the 

zero angle of attack results. This increased heating is not predicted by 

the d e l  described above. In order to find the reason for this order of 

magnitude diecrepancy, several lires of study were followed: 

(a) External Flow Properties - The pressure data shoved that there 
was a weak shock ahead of the first point of the test data, which 

wae 7.65" from the cetter of the cavities. This shock might be due 

to the junction of the test plate with the leading edge. 

junction was 8.76" from the center of cavity. But calculation showed 

'Xis 

that thia weak shock did nct have much influence on the external 

flow In the vicinity of the cavity and would nor thereby effect 

reattachment wall heating rate. 

(b) The plot of act.al heat transfer rate, Fig. 28, showed that 

the order of magnitude discrepancy was in the actual heat transfer 

rate and not due to a poor choice of h 

(c) 

ref 

Since the parameter which characterized the Hodgson's theoryls 

the velocity dong the dividing streamline, a calculation, which aid 

16 



not include the  empirical  f ac to r  of 0.5 i n  Eq. (16), based on t h e  

asmmption of laminar flow ahead of t h e  cavi ty  but with increased 

dividing s t reamline ve loc i ty ,  which corresponding the  m a x i m u m  hea t  

t r ans fe r  rate, was car r ied  out. The r e s u l t s ,  Fig. 29, are comparable 

t o  the test data .  

(d) 

the  flow before the  cavi ty  was laminar o r  turbulent ,  a ca lcu la t ion  

of the heat  t r a n s f e r  rate i n  the  c e n t r a l  plane based on t h e  assumption 

of turbulent  boundary layer  ahead of t he  cavi ty  w a s  a l s o  ca r r i ed  out .  

The d iv id ing  s t reamline ve loc i ty  i n  t h e  turbulent  shear layer  w a s  

given by Lamb. 

Since i n  t h e  test da ta  the re  was no clear indicat ion of whether 

14 

The r e s u l t s  of t h i s  ca l ch la t ion  are shown i n  Fig. 30. These r e s u l t s  

were about t h e  same as t h a t  of t he  m a x i m u m  rate possible  i n  laminar 

flow as calculated i n  pa r t  (c) and were comparable t o  t h e  test  data .  

I t  shculd be noted t h a t  i n  t h i s  ca l cu la t ion  only the  dividing strearn- 

l i n e  ve loc i ty  w a s  calculated f o r  a turbulen t  shear layer ,  whereas 

both the ve loc i ty  i n  recompression zone (See Fig. 24) and the  l o c a l  

Stanton number were still ca lcu la ted  by using laminbr flow equations. 

It le  a3so worth noting tha t  only a change of laminar boundary 

layer t o  turbulent  boundary layer before the  cavi ty  has brought t he  

heat t r ans fe r  rate t o  the  maximum possible  value i n  laminar flow. 

This r e v e i l s  the  importance of t he  study of turbulent  flow. Hence, 

a more thorough study based on the cons is ten t  curbulent flow is needed 

f o r  fu tu re  work. 

17 



RESULTS 

Several  conclusions may be drawn from t h e  preceding discussion:  

1. 

2. 

3. 

4. 

5 .  

6 .  

The boundary layer-cavity in t e rac t ion  generates  a 

horseshoe vortex reminiscent of t h e  vortex system 

of a wing of f i n i t e  span. 

The pressure d i s t r i b u t i o n  i n  and around t h e  cavi ty  

is Influenced very s t rongly  by t h i s  horseshoe vortex.  

The inf luence of t h i s  vortex w i l l  extend f a r  down- 

stream, and l a t e r a l l y  beyond t h e  s i d e s  of t he  cavi ty .  

Bleeding cold gas through t h e  nozzle increases  t h e  

s t rength  of t he  vortex and, consequently, increases  

t h e  peak heating rate i n  t h e  nozzle. 

The key t o  passive system heat pro tec t ion  i n  the  

region of t h e  cavi ty  is the  con t ro l  of t he  vortex 

s t rength  by shapirrg of t h e  nozzle. Varizt ion of 

cavi ty  geometry could tend t o  weaken the  vortex,  

thereby r e l i ev ing  t h e  heat ing problem. 

For zero incidence cases, t h e  method modified from 

2-D laminar theory gives  good predict ion i n  the 

cen t r a l  plane of axially-symmetric nozzle. 

For angle  of a t t ack  cases, based on the  assumption 

of turbulent  boundary layer  ahead of the cavi ty ,  t he  

predict ion of heat t r ans fe r  rate is comparable t o  

AEDC t e a t  data .  

18 



7 .  The heat transfer rate on the reattachment wall 

calculated based on the turbulent velocity profi le  

vas an order of magnitude higher than that calculated 

based on laminar flow. 

19 
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FIG. 1. Typical Installation of an Axial ly  Symmetric Nozzle i n  a Flat Plate. 
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FIG. 4.  Sketches of Flow i n  Cavity- 

a )  Two-dimensional Flow 
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FIC. 5 .  Horseshoe Vortex far Thrse-Dimensional Cavity Flow- 
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stagnation streamline in "bleed" 

stagnation streamline in "no-bleed" 

FIG. 22. Sketch of the Influence of Nozzle "Bleed" on the Flow in the Thruttor 
Covity. 
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